Introduction
Plasma fibrinogen is a key player in the pathogenesis of cardiovascular disease, specifically arterial thrombosis. In the coagulation pathway, fibrinogen is converted to fibrin, the main protein component of an arterial clot.
1; 2 Fibrinogen levels are highly heritable with reports of up to 50% of the trait variability attributable to genetic factors. 2 These estimates include genes within the fibrinogen gene cluster (FGA, FGB, and FGG) as well as other genes that regulate the production of fibrinogen. 3 However, collectively these loci do not account for the expected genetic component for fibrinogen levels. For complex traits such as fibrinogen, the search for highly penetrant disease loci that accurately predict fibrinogen levels has not been as successful compared to Mendelian diseases. Like many traits associated with cardiovascular disease, the role of the environment, several loci in the genome, or the interaction of amongst genes and/or with the environment can account for the heritability yet to be described for fibrinogen levels.
Fibrinogen synthesis is highly dependent on interactions between fibrinogen polypeptide pairs. Fibrinogen has three pairs of polypeptides Aα, Bβ, γ that are encoded by three genes: FGA, FGB, and FGG, respectively. 4 These polypeptides form disulfide bonds at the near their N-termini and once connected make up fibrinogen. 5; 6 Therefore it is highly plausible that interactions between genes within the fibrinogen gene cluster may affect fibrinogen levels. There have been reports in the literature on possible gene-gene interactions associated with fibrinogen levels from variants in the fibrinogen gene cluster and Factor XIII. 7 Missing from the literature is an association study of the possible gene x gene interactions between fibrinogen genes.
In addition to possible gene-gene interactions, the interplay between genes and environmental risk factors can explain the inter-individual variability of fibrinogen levels. Risk factors such as smoking, age, lack of the exercise, sex, use of contraceptives, and body mass index (BMI) significantly contribute to the variability of fibrinogen levels amongst individuals. 8 However, after accounting for these risk factors, a significant amount of the variance in fibrinogen levels remains unknown.
One of the primary goals for the first phase of the Population Architecture using Genomics and Epidemiology (PAGE I) consortium was to identify genetic modifiers of common disease. 9 Likewise, the Epidemiologic Architecture of Genes Linked to Environment (EAGLE), a member of the PAGE I consortium, has access to a diverse, cross-sectional survey, the Third National Health and Nutrition Examination Survey (NHANES III). NHANES III is rich in environmental data to enable the identification of genetic modifiers. Here, we examine the effect of genetic modifiers (gene-gene and gene-environment) with plasma fibrinogen levels in three populations: non-Hispanic blacks, non-Hispanic whites, and Mexican Americans from NHANES III. Using 25 SNPs in the fibrinogen gene cluster, we tested for and identified gene-gene interactions within this cluster, as well as gene-environment interactions with these SNPs and known environmental risk factors across all three NHANES populations.
Methods

Study population & genotyping
The National Health and Nutritional Examination Surveys are cross-sectional surveys conducted across the United States by the National Center for Health Statistics (NCHS) at the Centers for Disease Control and Prevention (CDC). NHANES III was conducted between 1988-1990 (phase 1) and 1991-1994 (phase 2)
10; 11 as a complex survey that over-sampled minorities, the young, and the elderly. All NHANES have interviews that collect demographic, socioeconomic, dietary, and health-related data. Participant interviews, physical examinations, and laboratory measures were used to collect environmental factors for this study. Current smoking status was determined by the question "Do you smoke cigarettes now?" and by cotinine levels >15 ng/ml. Participants that answered "yes" and have cotinine levels >15ng/ml were classified as a current smoker. Environmental variables are described in Table 1 .
All NHANES study participants undergo a detailed medical examination at a central location, the Mobile Examination Center (MEC). Body Mass Index (BMI) was measured directly in the MEC as height and weight. Biomarkers were also collected in the MEC including plasma fibrinogen on participants > 40 years using the Clauss clotting method. 12 Participants with fibrinogen levels greater than > 4.0 g/L were excluded from the analysis since extreme measurements can indicate acute inflammation or recent trauma. Plasma fibrinogen levels were normally distributed in all three study populations (Table 1) .
Beginning with phase 2 of NHANES III, DNA samples were collected from study participants aged 12 years and older. DNA was extracted from crude cell lysates from lymphoblastoid cell lines in NHANES III as part of genetic NHANES. 13 A total of 25 SNPs were genotyped using the Illumina GoldenGate assay (as part of a custom 384-oligonucleotide pool assay (OPA)) by the Center for Inherited Disease Research (CIDR) through the National Heart Lung and Blood Institute's Resequencing and Genotyping Service. A total of 7,159 samples were genotyped, including 2,631 non-Hispanic whites, 2,108 non-Hispanic blacks and 2,073 Mexican Americans. TagSNPs were selected using LDSelect 14 for multiple populations at r 2 >0.80 for common variants (minor allele frequency (MAF) >5%) in three candidate genes (FGA, FGB, and FGG) based on data available for European Americans and African Americans in SeattleSNPs 15 . Quality control measurements were calculated locally using the Platform for the Analysis, Translation, and Organization of large-scale data. 16 We flagged SNPs that deviated from Hardy Weinberg Equilibrium expectations (p-value <0.001), MAF<0.05, and SNP call rates <95% for each subpopulation. In addition to these quality control metrics, we genotyped blinded duplicates as required by CDC, and all SNPs reported passed quality control metrics required by CDC. All genotype data reported here were deposited into the NHANES III Genetic database and are available for secondary analysis through the CDC. After all inclusion/exclusion criteria were applied our final study population was comprised of 620 Non-Hispanic Blacks, 1,385 NonHispanic Whites, and 664 Mexican Americans. 
Statistical Methods
All analyses were performed using the Statistical Analysis Software (SAS v.9.2; SAS Institute, Cary, NC) either locally or via the Analytic Data Research by Email (ANDRE) portal of the CDC Research Data Center (RDC) in Hyattsville, MD. Using multivariate linear regression, cross product terms (all pair-wise gene-gene or gene-environment terms for 25 fibrinogen variants) were added to the regression models for plasma fibrinogen. All SNPs were coded additively and all models were adjusted for the main effect of the SNP (both the GxG and GxE models) and environmental factor (only the GxE models). In addition to adjusting for main effects, all analyses were adjusted for known covariates age, BMI, sex, and smoking status. Age and BMI were coded as continuous variables whereas sex and smoking status were coded as binary variables in all models. Any results or variables with counts less than 5 were 'suppressed' and unavailable for reporting by the CDC. All p-values are presented uncorrected for multiple testing, and we considered an interaction significant at p<0.05. We chose a liberal significance threshold for several reasons: 1.) we only tested 25 variants in a candidate gene setting, 2.) several variants are correlated yielding redundant results, and 3.) we have limited power (due to sample size and limited loci) to detect moderate (or small) effects.
Results
Gene-gene interactions
We identified a total of 18 unique significant gene-gene (GxG) interactions out of 828 tests performed that effect fibrinogen levels in at least one NHANES III population across all three NHANES III populations (Table 2) . We define a significant GxG interaction here as having significant interaction term (p<0.05) from two different genes in the fibrinogen gene cluster.
Of the GxG interactions we detected, 50% were identified in non-Hispanic whites, all of which included a FGB SNP in the interaction term (Table 2) . In fact, all of the significant interaction terms included either FGB rs2227395 or FGB rs4220 in non-Hispanic whites (Table 2 ). In our previous work, we demonstrated that these SNPs are in strong linkage disequilibrium (r 2 = 0.86) and that both SNPs had significant main effects. 17 After accounting for this correlation, only seven unique gene-gene interactions reached the significance threshold in non-Hispanic whites. Of the seven unique interaction terms, three were associated with increased fibrinogen levels and four were associated with decreased levels of fibrinogen.
In non-Hispanic blacks a total of six unique GxG interactions were associated with fibrinogen levels. Three GxG interactions were associated with decreased fibrinogen levels and three were associated with increased fibrinogen levels ( Table 2 ). Missense variant rs6050 (Thr312Ala) in the FGA gene is a known association with fibrinogen levels in Europeans. In previous work, we were unable to detect this association with non-Hispanic blacks 17 ; however, the interaction term rs6050 x rs2227395 (FGG) was significantly associated with decreased fibrinogen levels in non-Hispanic blacks (β = 0.15, p-value = 0.017, Table 2 ). Significant interactions terms with FGB variant rs2227395 were consistently observed with SNPs in the FGA gene ( Table 2 , last column). Based on our previous single SNP analysis, none of the SNPs identified in these interaction terms had a significant main effect ( Table 2 , column 3). 17 Overall there were four associations we observed across non-Hispanic whites and non-Hispanic blacks, all of which include rate the rate-limiting gene, FGB (Table 2) .
In Mexican Americans, we identified six unique interaction terms at the p <0.05 level. Based on the genetic similarity between non-Hispanic whites and Mexican Americans in this population, the associations including rs2227395 and rs4220, and may be correlated in this Mexican American population. After accounting for the correlation between SNPs, three interactions are associated with increased fibrinogen levels and two are associated with decreased levels (Table 2) . 
Gene-environment Interactions
We tested for gene-environment (GxE) interactions with fibrinogen cluster variants and known environmental factors: sex, age, smoking status, and BMI, which were all associated with elevated fibrinogen levels. 8 We tested each environmental variable separately for an association with plasma fibrinogen. We detected 13 significant SNP environment interactions at p <0.05 out of 299 totals test performed.
Over 60% of significant GxE interaction terms were observed in non-Hispanic blacks. Interaction terms with rs2227434 (FGB, Pro337Ser) were consistently associated with fibrinogen levels and represented more than 37% (3/8) of the significant associations in non-Hispanic blacks (Table 3) . However, this SNP is rare (MAF < 0.05) in all NHANES III populations and did not have significant main effects; thus, these associations are likely false positives (Table 3) . We observed four significant GxE interactions in non-Hispanic whites and one in Mexican Americans.
We identified six interaction terms with any given fibrinogen SNP and sex, after excluding rare SNPs rs2227434 and rs6063 (Table 3 ). All interaction terms identified in non-Hispanic whites were with sex and three were associated with increased levels of fibrinogen (Table 3 ). There was only one SNP x sex interaction significantly associated with increased fibrinogen levels in non- (Table 3) . There were no significant interaction terms with age after excluding rare SNPs that did not have significant main effects, as previously mentioned.
Three SNP x BMI interactions were associated with fibrinogen levels in non-Hispanic blacks or Mexican Americans. The interaction term rs6050 x BMI was significantly associated with increased fibrinogen levels ( Table 3) . Non-synonymous SNP rs6050 (Thr331Ala) is located in the FGA gene and was associated with decreased levels of serum fibrinogen in non-Hispanic whites but not non-Hispanic blacks based on previous single SNP analyses. 17 Another interaction term with BMI, rs2070006 x BMI, was significantly associated with decreased fibrinogen levels ( Table  3) . Rs2070006 is also located in the FGA gene; however this SNP was not significant in any NHANES III population for any single SNP model. 17 There was one GxE interaction term significant in Mexican Americans, rs2006879 x BMI, which was significantly associated with decreased fibrinogen levels, Table 3 .
There were two SNP x smoking interaction terms significantly associated with decreased serum fibrinogen, rs2070033 and rs2070008, in non-Hispanic blacks (Table 3) . Both SNPs are located in the FGA gene and were not associated with fibrinogen levels in previous the single SNP test of association. Table 3 . Gene-environment interactions with fibrinogen variants and age, sex, BMI, and smoking status. Using linear regression we added the multiplicative terms (SNP x environmental factor) to the regression model while simultaneously adjusting for covariates: age, sex, BMI, and smoking status. Below are the association results for the single SNP or environmental factor tests of association as well as the association results for the interaction term. Suppressed = results not released by CDC because counts were < 5 (see 'Statistical Methods'). 
Interaction Gene
SNP Effect Environment Effect Interaction Effect
Discussion
In the present study, we performed an exhaustive analysis to detect gene-gene and geneenvironment interactions that may affect fibrinogen levels in NHANES III. Identifying genetic modifiers of fibrinogen levels is important since the genetic contribution of variable fibrinogen levels at the population level is poorly understood. Additionally, current heritability estimates do not include possible gene-environment interactions. Here using a multiplicative approach, we tested for statistical epistasis or the deviation from linearity in the presence and absence of main effects. We tested for interactions amongst 25 tagSNPs in the fibrinogen gene cluster (gene-gene) as well as tested each SNP with environmental risk factors: age, sex, BMI and smoking status (gene-environment). We observed 19 gene-gene interactions and 13 gene-environment interactions with an empirical p-value < 0.05.
One criticism of exhaustively testing for interactions is the biological interpretation of the results. The fibrinogen gene cluster is an ideal candidate for identifying gene-gene interactions since each gene is dependent on the other to produce active fibrin in the blood. 5; 6 In this genegene analysis, we detected several interactions between different genes in the fibrinogen cluster (Table 2 , last column). More importantly, we identified several interactions with rs2227395, which is in the FGB gene, also known as the rate-limiting gene in fibrinogen production. It is important to note that this SNP did not have a significant main effect in the single SNP test of association ( Table 2 , first column). 17 Interestingly, all gene-gene interactions we identified were observed in the absence of main effects ( Table 2 , first column). It is conceivable that SNPs such as rs2227395, where we did not observe a significant main effect, are interacting with other fibrinogen SNPs and ultimately affecting fibrinogen levels, an effect that would not be detected at the single SNP level.
Environmental variables are well-known risk factors of elevated fibrinogen levels. 8 We identified several gene-environment interactions that were associated with fibrinogen levels across multiple populations (Table 3) . We observed consistent associations with interaction terms containing rs2227434 or rs6063 and environmental factors age, sex and BMI in non-Hispanic blacks (Table 3 ). More often than not, consistent associations among different SNPs are indicative of high correlation or linkage disequilibrium between SNPs. We attempted to calculate linkage disequilibrium between these SNPs in our study population but failed to obtain accurate results due to low genotype counts for both SNPs. These SNPs were selected based on frequency and biological relevance for two populations as previously mentioned. However, due to poor genotyping efficiency, we have low genotype counts for these SNPs. We have added this statement to the discussion section. We then attempted to use reference HapMap population YRI to calculate linkage disequilibrium between these SNPs but like our study population, genotype frequencies were too low for an accurate measurement. 18 As previously mentioned, both SNPs are rare in non-Hispanic blacks with minor allele frequencies less 0.001 and we only had 5% power to detect these interactions in our study population. After evaluating the main effect of the environmental factors we noticed that the association results for these factors and the interaction term with rs2227434 or rs6063 were identical as well (Table 3) . Given the low minor allele frequencies, it is likely these interaction terms are false positives and actually represent the environmental factors alone. For these reasons we caution the interpretation of these results. In contrast, we identified three SNP x BMI interactions both of which had significant environmental main effects as well as two SNP x smoking interactions and five SNP x sex interactions. While NHANES III contains over 33,000 study participants, our study population sample size was limited for several reasons. The Centers for Disease Control and Prevention (CDC) only collected DNA samples from a subset of the entire dataset, which includes 7,159 participants from phase 2 of NHANES III. DNA was not collected from participants who reported having hemophilia or chemotherapy within four weeks of collection. 19 Our outcome variable for this study was limited to plasma fibrinogen, which was only collected on a subset of NHANES participants. Plasma fibrinogen levels in NHANES III was only measured for participants > 40 years of age 19 , which drastically reduced our sample size. Due to sample size, on average we were only 70% powered to detect effects that explain less < 0.5% of the trait variability at α = 0.05 and minor allele frequency of at least 0.05. One caveat of exhaustively testing all pair-wise interactions is the increase in type I error or false positives. It is important to note for this study that we did not correct for multiple testing, which increases the likelihood of reporting false positives, thereby reducing the confidence of our reported findings.
Despite the small sample sizes, we identified several gene-gene and gene-environment associations at a liberal significance threshold of p<0.05. To date this is the first study that examines the role genetic modifiers has on plasma fibrinogen levels in admixed populations such as non-Hispanic blacks and Mexican Americans. Despite the statistical evidence of epistasis, we cannot confirm the effect these interactions have on fibrinogen levels from a biological standpoint and future analyses are warranted. This work serves as first step in uncovering genetic epistasis for complex diseases such as cardiovascular disease that is mediated to an extent by fibrinogen levels. Furthermore, since the majority of our findings are in admixed populations this works highlights the importance and need for conducting genetic association studies in these high-risk populations for discovery.
